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Abstract：In this paper, a novel resistance switching method is proposed to control an electromagnetic 11 
damper (EMD) system of a vehicle seat suspension, and torque response characteristics of the EMD 12 
system are investigated in detail. First, the relationship between electromagnetic torque and circuit 13 
resistance of the EMD system is established. The basic parameters of the EMD system are identified by 14 
least squares fitting, and the resistance distribution is optimized to meet the demand damping of seat 15 
suspension. Second, the electromagnetic torque response time and the continuously dynamic torque 16 
tracking performance of the EMD system are investigated experimentally. The time required for the 17 
torque change from its initial to 80% of the final state and the final state is measured, respectively. The 18 
results show that the response time required for torque decrease is shorter than the response time 19 
required for torque increase; the EMD system has excellent torque response and torque tracking 20 
performance and is suitable for seat suspension vibration control. Finally, two typical vehicle body 21 
vibration excitations are exerted on the EMD seat suspension. The test results verify that the EMD seat 22 
suspension has excellent controllable damping and can significantly isolate the vibration of driver body 23 
when applying a sliding mode control method. 24 
Keyword：seat suspension, electromagnetic damping, response performance, semi-active, sliding 25 
mode control. 26 
1 Introduction 27 
Seat suspension is essential to vehicle seat vibration reduction. Vehicle seat with sound vibration 28 
reducing performance can reduce the driver’s low back pain and improve driving safety [1, 2]. Most 29 
 
 
recently, the vibration isolation performance and control methods of the seat suspension based on new 1 
materials [3, 4] and new configurations [5] in the vertical and horizontal directions [6, 7] have become 2 
research hotspots. Seat suspensions with variable damping and stiffness characteristics have been 3 
proven to have superb vibration damping performance [8, 9]. The fast response performance of the 4 
semi-active seat suspension system is the fundamental guarantee of the excellent damping 5 
characteristics, and also directly affects the control strategy and control effect of the suspension system 6 
[10]. Therefore, the torque response characteristic is an indispensable research point for a controllable 7 
suspension, and there are many studies on the response of MR [11, 12]. Koo et al. [13] provided a 8 
comprehensive review on the response time of magnetorheological (MR) damper and they defined the 9 
response time as the time required from the initial state to 95% of the final state. Sahin et al. [14] found 10 
that MR valves with annular flow geometry have a slower falling response time compared to their rising 11 
response time, and MR valves with radial flow geometry demonstrated faster pressure response time 12 
both in rising and in falling states. Strecker et al. [15-17] demonstrated that eddy currents in MR damper 13 
coils are factors that result in longer MR damper response times. Then they pointed out that the response 14 
time of the MR damper has a significant effect on the control effect of the suspension, and proposes an 15 
optimized design method. 16 
Electromagnetic devices convert mechanical energy into electrical energy by electromagnetic 17 
induction and are widely used in power generation or energy feeding systems [18]. With the deepening 18 
of people's understanding of the electromechanical simulation theory, people are paying more and more 19 
attention to the structural vibration control using various electromagnetic devices and their constituent 20 
circuit systems [19, 20]. Buelga et al. [21, 22]analyzed the development of electromagnetic dampers 21 
(EVAs) with energy recovery and frequency tuning control capabilities. Yang et al. [23] proposed a 22 
negative impedance converter with voltage reversal to partially cancel the inherent resistance of the 23 
electromagnetic shunt damper circuit and confirmed the superiority of using a negative impedance 24 
converter through experiments. Ning et al. [24, 25] designed an electromagnetic damper (EMD) system 25 
to replace the hydraulic shock absorber. The permanent magnet synchronous motor is installed in the 26 
center of the suspension structure of the commercial vehicle seat suspension, and the vibration of the 27 
seat suspension is reduced by using the equivalent resistance value of the PWM signal control circuit. 28 
The above work is a study of the function and control strategy of the EMD system, and there is no 29 
research report on the electromagnetic torque response performance. In this paper, the resistance 30 
 
 
switching method is used to control the damping of the EMD system, and the damping torque response 1 
characteristics of the EMD system are studied in detail. Taking the permanent magnet synchronous 2 
motor (PMSM) speed and electromagnetic torque range of the EMD system as the control object, the 3 
time required for the torque to change from its initial state to the final state and the final state of 80% is 4 
analyzed, and the factors affecting the electromagnetic torque response time are studied. Then the 5 
dynamic torque following experiment is designed to examine the tracking characteristics of the target 6 
torque of different frequencies of the EMD system through the phase difference. Finally, two typical 7 
vehicle body vibration excitations are applied to the EMD seat suspension to verify its damping 8 
controllability and vibration isolation performance. 9 
The main contributions of this paper are: 10 
⚫ A novel resistance switching method is proposed to change the resistance in the circuit of the 11 
EMD system. 12 
⚫ The response time and dynamic tracking performance of the EMD system are investigated. 13 
⚫ A sliding mode controller (SMC) is designed for the EMD seat suspension. 14 
The rest of the paper is organized as following: Section 2 is mainly to complete the design of the 15 
EMD system and basic parameter identification; in Section 3 the response time and force tracking 16 
performance of the EMD system are analyzed; in Section 4, SMC is designed and validated for EMD 17 
seat suspension; finally, a conclusion is to draw in Section 5. 18 
2 EMD system design and parameter identification 19 
This section presents the design of the EMD system, the relationship between electromagnetic 20 
torque and external resistance is established based on the PMSM power-generation model; the basic 21 
parameters of the EMD system are identified. 22 
2.1 EMD system design 23 
The electromagnetic damping controllable seat suspension structural is shown in Figure 1. The 24 
PMSM of the EMD system is rotated through a planetary gearbox which is installed in the center of the 25 
seat scissors structure. When the upper plane of the seat vibrates relative to the vehicle body, the EMD 26 




Figure 1. EMD seat suspension structure. 2 
The vertical force generated by the EMD system is: 3 
 𝐹 =
2𝑟𝑔
√𝐿2 − (ℎ0 + ℎ)
𝑇𝑒 (1) 
where the 𝑟𝑔 is the transmission ratio of the planetary gearbox, the 𝑇𝑒 is electromagnetic torque of 4 
the EMD system, the 𝐹 is damping force that generates by EMD system, ℎ is vibration amplitude of 5 
the seat, ℎ0 is the initial height of the seat.. 6 
As shown in Figure 2, the EMD system is composed of a PMSM (MSMJ042G1U), a three-phase 7 
rectifier, and a resistance controllable unit (RCU). The RCU is connected in series with five MOSFETs 8 
(IRF1010) and four different resistors. The damping of the electromagnetic suspension is adjusted by 9 
the controller giving a high-level or low-level signal to control the RCU resistance value switching. 10 
 11 
Figure 2. The composition of the EMD seat suspension. 12 
The EMD system theoretical model is shown in Figure 3. The PMSM is simplified as three internal 13 
voltage source (𝑒𝑎, 𝑒𝑏, 𝑒𝑐), three internal resistances (𝑅𝑖𝑎, 𝑅𝑖𝑏, 𝑅𝑖𝑐), and three inductors (𝐿𝑖𝑎, 𝐿𝑖𝑏, 14 
𝐿𝑖𝑐). The five MOSFET switches are all controlled by digital signals with high-level (10 V) and low-15 
level (0 V). Since the MOSFET has two states, theoretically, the designed EMD system can realize 32 16 




Figure 3. The theoretical model of the EMD system. 2 
The relationship of voltage, current, and flux in the d-q coordinate system of the PMSM is: 3 
 {
𝑢𝑑 = (𝑅𝑖 + 𝑅𝑒)𝑖𝑑 + 𝐿𝑑
𝑑𝑖𝑑
𝑑𝑡
− 𝜔𝑒𝐿𝑞𝑖𝑞       
𝑢𝑞 = (𝑅𝑖 + 𝑅𝑒)𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞
𝑑𝑡
+ 𝜔𝑒𝐿𝑑𝑖𝑑 + 𝜔𝑒𝜓𝑓
 (2) 
where 𝑢𝑑, 𝑢𝑞, 𝑖𝑑, 𝑖𝑞, 𝐿𝑑, 𝐿𝑞 are the voltages, currents and inductances in the d-q axis coordinate 4 
system respectively, 𝑅𝑖 is the internal stator resistance of PMSM, 𝑅𝑒 is the resistance of the external 5 
controllable resistor module, 𝜓𝑓 is the permanent magnet flux linkage, and 𝜔𝑒 the electrical angular 6 
velocity of the motor. 7 




𝑝𝑛𝑖𝑞[𝑖𝑑(𝐿𝑑 − 𝐿𝑞) + 𝜓𝑓]        (3) 
where 𝑇𝑒 is the electromagnetic moment, 𝑃𝑛 is the number of rotor pole pairs of PMSM. 9 
When the PMSM is used as a generator, the voltage values (𝑢𝑑 and 𝑢𝑞) are zero. Ignoring the 10 
difference in the inductance of the d-q axis, 𝐿𝑑 = 𝐿𝑞 = 𝐿𝑠 can be obtained. At the same time, because 11 
the seat suspension has high magnitude vibrations at frequencies of 0.4-5 Hz and the rotor speed is 12 
within ±2000 °/s, the first order derivative of the current in terms of time in the circuit can be ignored. 13 













𝜔𝑚        (4) 
where 𝜔𝑚 is the rotational speed of the rotor. 15 
The 𝐿𝑠
2 value is small, the term related to the rotational speed in the denominator of Equation (4) 16 
tends to be zero when the rotor speed is small. According to the PMSM rotor speed range in the EMD 17 
system of the seat suspension, the relationship between the electromagnetic torque and the rotational 18 
speed can be simplified: 19 
 
 













𝜔𝑚 = 𝑐𝑡𝜔𝑚       (5) 
where 𝑅𝑖𝑞  is the equivalent internal resistance, 𝑘𝑡  is the torque constant, 𝑐𝑡  is the equivalent 1 
electromagnetic damping coefficient. 2 
2.2 EMD system parameter identification 3 
An experiment platform is established to identify the EMD system parameter, as shown in Figure 4 
4. It consists of a drive motor, a torque sensor, an EMD system, and a controller. The controller adopts 5 
industrial-grade NI RIO hardware platform, including cRIO-9067 chassis and four c modules, namely 6 
c9401, c9025, c9229, and c9227. As shown in Figure 5, c9401 is used to control the drive motor and 7 
measure the rotary speed of PMSM; c9025 is used to measure the signal of the torque sensor; c9229 8 
and c9227 are used to measure the voltage and current of the external resistance, respectively. The data 9 
communication between the controller and the PC is completed through LAN communication. A 10 
LabVIEW program on the PC is to achieve the human-computer interaction and recording of the above 11 
parameters. The EMD system experimental platform can ensure sampling frequency of all signals is 10 12 
kHz, and the simultaneous recording frequency of each signal to the PC is 500Hz. 13 
 14 




Figure 5. The EMD system test platform framework. 2 
To meet the requirement of the EMD seat suspension in damping force, we distribute the 3 
electromagnetic damping generated by the PMSM evenly within its range. Firstly, the distribution of 4 
32 kinds of ideal resistances for the seat suspension is obtained from Equation (5). Next, four (between 5 
0 to 50Ω) resistances arrangement combinations are selected, and the 32 kinds of actual resistance 6 
values are calculated. Finally, root-mean-square value (RMS) of the resistance difference between the 7 
ideal resistance values and the actual resistance values are chosen from the 32 arrangements can be 8 
calculated. The arrangement with the smallest RMS is the optimal resistance combination (3 Ω, 12 Ω, 9 
30 Ω and 50 Ω) for the RCU. External resistance optimization flowchart is characterized in Figure 6. 10 
The curve of the ideal damping and the electromagnetic damping is illustrated in Figure 7. 11 
 12 




Figure 7. The curves of ideal and electromagnetic damping. 2 
The RCU is controlled to switch to different resistance values when the PMSM is driven to rotate 3 
in a sinusoidal motion (the frequency is 1 Hz, and the amplitude is 300°). The relationship between 4 
electromagnetic torque with the rotor angle curve and the rotor angle rate curve are shown in Figure 8 5 
and Figure 9, respectively. The results indicate that it is effective to control the electromagnetic torque 6 
of the EMD system by resistance switching method. 7 
 8 




Figure 9. The relationship between torque and speed. 2 
Besides, the RCU is controlled to switch to 5 different resistance values when the motor drives the 3 
PMSM to rotate at ten constant speeds between 400-2200 °/s. At the same time, the mechanical friction 4 
and air gap damping torque of EMD were measured when the external circuit is open. Remove friction 5 
and air gap damping torque of EMD, the relationship between electromagnetic torque and rotational 6 
speed curve of EMD are shown in Figure 10 with five different external resistances. 7 
 8 
Figure 10. The electromagnetic torque and rotational speed curve 9 
The least square fitting method is used to fit the results of multiple test data; basic parameters of 10 
the EMD system can be obtained and are shown in Table 1. 11 
Table 1 Basic parameters of EMD system. 12 
Parameter Symbol Value 
Equivalent resistance 𝑅𝑖𝑞 6.5063 Ω 
 
 
Torque constant 𝑘𝑡 0.48795 Nm/rad 
Pole logarithm 𝑝𝑛 5 
Friction torque 𝑇0 0.045 Nm 
Damping  𝐵 0.001 Nm*s/rad 
3 Response performance analysis 1 
This part mainly studies the torque response characteristics and the dynamic torque tracking 2 
performance of the EMD system by experiments. 3 
3.1 Response time analysis 4 
In the experiments for investigation electromagnetic torque response time, the PMSM of EMD 5 
system is rotated by the drive motor at a constant rotary speed, and the controller switches the external 6 
resistance. The resistance value, the torque signal, and the current signal of the EMD system are 7 
recorded synchronously. Figure 11 shows the resistance switching moment, electromagnetic torque, and 8 
current curve when the rotational speed is at 1000 °/s. The result proved that the electromagnetic torque 9 
generated by the EMD system and the current in the circuit have the same response characteristics. 10 
Therefore, the response time of the current is also analyzed to reduce the error of the research results. 11 
 12 
Figure 11. The EMD system torque and current curve. 13 
The moment of resistance switch is defined as an initial state, and the moment of electromagnetic 14 
torque reaches a final constant value is defined as a final state. There are four symbols (𝑇𝑟, 𝑇𝑓, 𝑇𝑞𝑟, 15 
𝑇𝑞𝑓) are defined to represent response time of electromagnetic torque under different states. The time 16 
from the initial state to the final state when the electromagnetic torque increases and decreases are 17 
 
 
defined as 𝑇𝑟, 𝑇𝑓 respectively. When the electromagnetic torque increases and decreases, the time of 1 
from the initial state to the 80% of the final state are defined as 𝑇𝑞𝑟, 𝑇𝑞𝑓 respectively. 2 
To analyze the response time of torque and current under a specific working condition, the 3 
resistance value, torque, and current signal data are normalized. Figure 12 shows the response time of 4 
electromagnetic torque increasing when the resistance value is changed from 50Ω to 3Ω, and the motor 5 
rotary speed is 1000°/s. Figure 13 shows the response time of electromagnetic torque decrease when 6 
the resistance value is changed from 3Ω to 50Ω. It can be seen that in the EMD system, the response 7 
time 𝑇𝑓 is significantly shorter than 𝑇𝑟. 8 
 9 
Figure 12. Torque and current increase process curve. 10 
 11 
Figure 13. Torque and current decrease process curve. 12 
Besides, although the response time of the current and torque in the EMD system is consistent, the 13 
response time fluctuation of current is smaller, which may be caused by the mechanical noise and the 14 
 
 
connection preload which has affected the torque measurement result. Therefore, the response time of 1 
the current in the EMD system is used to evaluate the response time of the torque in the following 2 
statistical analysis. When the PMSM rotational speed is 1000°/s, the response time with different 3 
electromagnetic torque alter ranges (∆𝑇𝑒) is shown in Table 2. 4 
Table 2 The statistical result of torque response time. 5 
∆𝑇𝑒 (Nm) 𝑇𝑟 (ms) 𝑇𝑞𝑟 (ms) 𝑇𝑓 (ms) 𝑇𝑞𝑓 (ms) 
0.1518 28 10 18 4 
0.4308 32 12 21 4 
0.8591 41 18 22 5 
The result demonstrates that the alter range rise of electromagnetic torque will make the response 6 
time 𝑇𝑟 and 𝑇𝑞𝑟 rise obviously and has little effect on 𝑇𝑓 and 𝑇𝑞𝑓. 7 
To study the relationship between the response time of the electromagnetic torque and the PMSM 8 
rotational speed, the PMSM is rotated at six different rates in the range of 400 - 2400 °/s. The response 9 
time with different torque alteration ranges is recorded. For the convenience of comparison, the time 𝑇 10 
(lighter color) and the time 𝑇𝑞 (darker color) are plotted in the same chart as shown in Figure 14 and 11 
Figure 15. 12 
 13 




Figure 15. Response time statistics when torque decrease. 2 
Figure 14 indicates that the response time 𝑇𝑟 and 𝑇𝑞𝑟 is shorten when increase rotary speed of 3 
PMSM. And the response time 𝑇𝑟 and 𝑇𝑞𝑟 are tend to be stable when the PMSM rotational speed is 4 
above 1600°/s, which are about 25 ms and 10 ms respectively. It can be obtained from Figure 15 that 5 
increasing the rotational speed of the PMSM has little effect on the time 𝑇𝑓 and 𝑇𝑞𝑓, and they stable 6 
at around 20 ms and 5 ms respectively. In addition, comparing the two figures, we can find that when 7 
the electromagnetic torque increases, the value of 𝑇𝑞𝑟 is about half of the value of 𝑇𝑟, and when the 8 
electromagnetic torque is decreased, the value of 𝑇𝑞𝑓 is about a quarter of the value of 𝑇𝑓. The results 9 
characterize that the electromagnetic torque of the EMD system increases or decreases to 80% of the 10 
target torque value, with a relatively short time, hence it has a good torque response performance and 11 
meet the requirements for suspension systems vibration control. 12 
3.2 Tracking performance analysis 13 
A dynamic torque tracking experiment is designed to research the continuous torque variation of 14 
the EMD system. Similarly, the PMSM of the EMD system is rotated by the drive motor at a constant 15 
speed, and a target torque curve with adjustable frequency is designed. According to Equation (5), the 16 
external resistance value can be obtained to make the electromagnetic torque of the EMD system equal 17 
to the target torque. Then the controller controls the RCU of the EMD system to follow the change of 18 
the target torque. 19 










where 𝑓  is the frequency of the target torque, 𝑇𝑚𝑎𝑥 = 𝑘𝑖
2𝜔𝑚 (𝑅𝑖 + 𝑅𝑒𝑚𝑖𝑛)⁄   and 𝑇𝑚𝑖𝑛 =1 
𝑘𝑖
2𝜔𝑚 (𝑅𝑖 + 𝑅𝑒𝑚𝑎𝑥)⁄  are the maximum and minimum torques that the EMD system can provide at a 2 
certain rotational speed, respectively. 𝑅𝑒𝑚𝑎𝑥 and 𝑅𝑒𝑚𝑎𝑥 are the maximum and minimum external 3 
resistance values. 4 





− 𝑅𝑖 (7) 
The controller to switch the external resistance of RCU at a frequency of 500 Hz make the 6 
electromagnetic torque meet to target torque quickly. As shown in Figure 16 are the curves of target 7 
torque and electromagnetic torque when the rotary speed is 1000 °/s, and the frequencies are 1 Hz, 10 8 
Hz, and 20 Hz respectively. 9 
 10 
(a) The frequency is 1 Hz 11 
 12 




(c) The frequency is 20 Hz 2 
Figure 16. Dynamic torque tracking performance curve. 3 
As shown in Figure 16 (a) that the multi-stage RCU can also generate a continuously varying 4 
electromagnetic torque. Further, it is reliable and straightforward to change the magnitude of the torque 5 
by control the RCU of the EMD. Additionally, Figure 16 (c) implies that the phase difference between 6 
the electromagnetic and the target torques is also different when the torque increases and decreases. 7 
This phenomenon once again proves that the response time required by the decrease of electromagnetic 8 
torque is significantly lower than that needed for the increase of electromagnetic torque. 9 
The phase difference between the electromagnetic torque and the target torque is calculated by the 10 
discrete data auto-correlation method, and the results are shown in Table 3. The phase difference 11 
between the electromagnetic torque and the target torque increases with the increase of the torque 12 
frequency, but the rise of the rotational speed of PMSM has little influence on their phase difference. 13 
Table 3 The phase difference of torque tracking (°). 14 
speed 
(°/s) 
Target torque frequency 
1 Hz 3 Hz 5 Hz 10 Hz 15 Hz 20 Hz 
500 5.45 5.61 5.82 7.19 8.77 11.71 
1000 4.83 4.94 5.42 6.55 10.32 14.01 
1500 4.92 4.88 5.05 6.80 10.15 14.42 




Figure 17. Statistical results of dynamic torque response delay. 2 
The phase difference in table 3 is converted into delay time, and the relationship between response 3 
delay time and torque frequency is shown in Figure 17. With the increase of the target torque frequency, 4 
the response delay time of the continuous electromagnetic torque changes is significantly decreased. 5 
When the target torque frequency reaches 20Hz, the response of electromagnetic torque only delays 6 
2.35ms, that is means the EMD system has potential in vehicle suspension vibration reduction. 7 
4 Controller design and experiment 8 
In this section, an SMC is designed to achieve real-time control of the seat suspension with an 9 
EMD system. A 6-DOF vibration platform simulates two different typical motions of the vehicle body, 10 
and the vibration reduction performance of the EMD seat suspension system is compared with a 11 
traditional suspension. 12 
4.1 SMC design 13 
The SMC is simple, robust and reliable, and is widely used in motion control, especially in 14 
deterministic control systems that can establish accurate mathematical models [26-28]. 15 
According to the structure of the seat suspension in Figure 1, the angle of the scissor structure can 16 
be obtained via: 17 




The rotation speed of the PMSM can be obtained as ω𝑚 = ?̇? ∗ 𝑟𝑔.The transfer coefficient between 18 
the electromagnetic torque and vertical force of seat suspension is defined as r𝑘 = 2 √𝐿
2 − (ℎ0 + ℎ)⁄ , 19 










In this paper, the seat suspension test is used to verify the torque response performance and 1 
controllability of the EMD system. An implementable controller is designed for a simplified single-2 
degree of freedom model with vertical vibration, and the performance of the EMD seat suspension is 3 
validated and analyzed with experiments. A mathematical model of the EMD seat suspension is shown 4 
in Figure 18, where the vertical excitation of the body is 𝑧𝑣, the seat and passenger mass is 𝑚𝑠, the 5 
seat spring stiffness is 𝑘𝑠, the friction is 𝑓𝑟. 6 
 7 
Figure 18. A simplified model of EMD seat suspension. 8 
The seat suspension model of the system is defined as: 9 
 𝑚𝑠?̈?𝑠 = −𝑘𝑠(𝑧𝑠 − 𝑧𝑣) − 𝐹 − 𝑓𝑟 (10) 
where the friction model 𝑓𝑟 = 𝑓0𝑡𝑎𝑛ℎ (10(?̇?𝑠 − ?̇?𝑣))  is simplified by the seat suspension in the 10 
harmonic vibration test, and 𝑓0 is the friction coefficient. 11 
In the seat suspension control, the primary objective is the seat vibration. On the other hand, the 12 
suspension travel should be in a reasonable range for avoiding the obstruction of drivers’ operation. 13 
However, for a semi-active seat suspension, its passivity would help to restrict the overlarge suspension 14 
travel, and the end-stop will also help to keep a safe condition. In order to verify the force tracking 15 
performance and controllability of the EMD suspension through experiments, the directly measurable 16 
variables are selected as the SMC controller input and the absolute displacement of the seat (𝑧𝑠𝑑 = 0) 17 
is selected as the control target. 18 
The tracking error is defined as: 19 
 𝑒 = 𝑧𝑠 − 𝑧𝑠𝑑  (11) 
The sliding surface of the system is defined as: 20 
 𝑠 = 𝑐𝑒 + ?̇? (12) 
where the 𝑐 needs to satisfy Hurwitz condition, and 𝑐 > 0. 21 







The constant rate of approach is adopted: 1 
 ?̇? = −𝜀𝑠𝑔𝑛(𝑠), 𝜀 > 0  (14) 
Then, the sliding mode controller is designed as: 2 
 𝐹 = 𝑚𝑠𝑐?̇?𝑠 − 𝑘𝑠(𝑧𝑠 − 𝑧𝑣) − 𝑓𝑟 + 𝑚𝑠𝜀𝑠𝑔𝑛(𝑠) (15) 
Therefore, 3 
 ?̇? = 𝑠?̇? = 𝑠 (𝑐?̇?𝑠 +
−𝑘𝑠(𝑧𝑠 − 𝑧𝑣) − 𝐹 − 𝑓𝑟
𝑚𝑠
) = −𝜀|𝑠| ≤ 0 (16) 
According to the LaSalle invariance principle, the closed-loop system is asymptotically stable, 4 
when 𝑡 → ∞, the s → 0, and the convergence rate of 𝑠 depends on 𝜀. 5 






𝑚𝑠𝑐?̇?𝑠 − 𝑘𝑠(𝑧𝑠 − 𝑧𝑣) − 𝑓𝑟 + 𝑚𝑠𝜀𝑠𝑔𝑛(𝑠)
− 𝑅𝑖  (0 < 𝑅𝑒 ≤ 50)  (17) 
The EMD seat suspension is a semi-active suspension. The energy source is from the relative 7 
motion between the seat and the vehicle. The electromagnetic damping should be between 𝑐𝑚𝑎𝑥 and 8 
𝑐𝑚𝑖𝑛 . Therefore, the sliding mode controller should evaluate the required damping in practical 9 
application. The basic parameters of EMD seat suspension are given in Table 4. Through software 10 
simulation and optimization, the parameters 𝑐  and 𝜀  of the SMC are finally set to 5 and 0.2, 11 
respectively. 12 
Table 4 The EMD seat suspension basic parameters. 13 
parameter Symbol Value 
Gearbox transmission ratio 𝑟𝑔 20 
Seat motion transfer rate 𝑟𝑘 7.55 
Passenger weight 𝑚𝑠 70 kg 
Spring stiffness 𝑘𝑠 7850 N/m 
Friction coefficient 𝑓0 80 
4.2 Experimental system and results analysis 14 
The EMD seat suspension test system based on the 6-DOF vibration platform is illustrated in 15 
Figure 19. In the test system, two displacement sensors are used to measure the absolute displacement 16 
of the 6-DOF vibration platform and the vibration amplitude of the seat. The absolute seat displacement 17 
is the sum of these two displacement values, which is used as the observation of SMC. Similarly, two 18 
 
 
acceleration sensors are used to measure the vertical acceleration of the 6-DOF vibration platform and 1 
the seat. The acceleration value is used to evaluate the vibration reduction effect of seat suspension. 2 
 3 
Figure 19. EMD seat suspension test system. 4 
A. Bump vibration test 5 
According to the standard GB/T 4970-2009 for evaluating vehicle driver smoothness [29]. Under 6 
the condition that the vehicle passes a small bump with a length of 0.4 m and a height of 0.04 m at a 7 
speed of 35 km/h, the vibration curve of the car body can be simulated by a quarter vehicle model. Then, 8 
the vibration of the body is implemented by the 6-DOF vibration platform and applied to the seat 9 
suspension test. 10 
As shown in Figure 20, the EMD suspension can respond quickly and generate damping force to 11 
attenuate the vibration of the seat when a vehicle passes a bump. By comparing the peak value of seat 12 
vibration acceleration in Figure 21, the vertical acceleration of the EMD seat decreases about 30% when 13 
the vibration is significant, which indicates a good performance in the shock vibration. Figure 22 shows 14 
the comparison curve of the seat suspension travel during the Bump test. It can be seen that the 15 
suspension travel of the EMD seat is slightly larger than the conventional seat. In the vibration control 16 
of the seat suspension, the suspension travel and acceleration of the seat are relatively contradictory. 17 





Figure 20. Force track performance at bump excitation. 2 
 3 
Figure 21. Seat vertical acceleration at bump excitation. 4 
 5 
Figure 22. Suspension travel at bump excitation. 6 
B. Random vibration test 7 
 
 
To comprehensively evaluate the time domain performance of EMD seat suspension, a random 1 
excitation test is implemented. The random vibration profile is generated through a quarter-car model 2 
with random road profile input, which is a typical road condition used to test suspension performance. 3 
The interaction of the seat base and the vehicle cab floor is ignored. Thus, the displacement of the 4 
sprung mass of the quarter-car model is taken as the vibration input to the seat suspension. Then, the 5 





Figure 23. Force following curve at random excitation. 11 
From Figure 23, the EMD is varying the damping to generate a semi-active force which can meet 12 
about 30% of the requirement of the desired active force and the EMD seat suspension has an apparent 13 
 
 
vibration attenuation when the random vibration velocity of the seat is large. Figure 24 is a comparison 1 
of the acceleration of the EMD seat and the conventional seat, and Figure 25 is a comparison of the 2 
power spectral density (PSD) of the acceleration. It can be seen that the designed EMD seat suspension 3 
can effectively reduce the vibration acceleration of the seat and improve the vibration isolation effect, 4 
especially at low frequencies. 5 
 6 
Figure 24. Seat vertical acceleration comparison. 7 
 8 
Figure 25. Seat acceleration PSD under random excitation. 9 
According to the standard ISO 2631-1 [30], the FW-RMS acceleration is applied to evaluate the 10 
ride comfort because it is calculated by referring that the human body has different responses to different 11 
vibration frequencies. The fourth power vibration dose value (VDV) is more sensitive to the peak 12 
vibration; it is an additional evaluation method for vibrations. The RMS acceleration, FW-RMS 13 
 
 
acceleration, and VDV of EMD seat suspension and conventional suspension were calculated 1 
respectively. 2 
 3 
Figure 26. Evaluation parameters. 4 
As shown in Figure 26, compared with the traditional suspension, the values of the evaluation 5 
parameters of EMD system are decreased by 15.87%, 21.44% and 23.14% regarding RMS acceleration, 6 
FW-RMS acceleration, and VDV, respectively. 7 
5 Conclusion 8 
In this paper, the RCU has been designed for EMD seat suspension, and the electromagnetic torque 9 
response time and torque tracking characteristics of the EMD system have been experimentally studied. 10 
Main research results can be concluded as: 11 
(1) The RCU can control the electromagnetic torque of the EMD system. 12 
(2) The electromagnetic torque response of the EMD system is consistent with the current 13 
response in the circuit. Hence, we can evaluate the system response by the current 14 
measurement. 15 
(3) The test has illustrated the response properties of the EMD system. The response time required 16 
by the electromagnetic torque decrease is significantly shorter than the response time of torque 17 
increase. The PMSM rotational speed has little influence on the response time of 18 
electromagnetic torque. Moreover, the EMD system has excellent performance of dynamic 19 
electromagnetic torque tracking. Therefore it can be applied to automobile suspension. 20 
(4) The SMC has been applied to validate the effectiveness of an EMD seat suspension in vibration, 21 




In this paper, the EMD system seat suspension has a scissors structure to transform the linear and 1 
rotary movement. With a proper transformation mechanism, the EMD system can apply to other 2 
suspensions, such as vehicle suspensions. In future work, we will improve the EMD system 3 
performance with an advanced controller, and the potential application of EMD system on automobile 4 
suspension will be verified. 5 
 6 
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